Ž . with n s 8 and without n s 11 pretreatment with heparinase, which modifies the endothelial glycocalyx. c A mathematical flow simulation for mesenteric microvascular networks was used to predict resistance effects of hemodilution and of a hypothetical layer on the Ž . endothelial surface. Results: a In prior studies using native plasma for hemodilution R averaged 59 " 8% of R , while in studies Ž . independent of viscosity and oncotic pressure. Other design characteristics did not show strong significant effects. b Present experiments Ž . showed large reductions of flow resistance with saline hemodilution which were nearly halved after heparinase pretreatment. c Resistance effects of hemodilution with plasma or after heparinase treatment agree with model predictions based on tube flow rheology of blood. The larger resistance effects of dilution with artificial media can be explained by the removal of an endothelial surface layer of ; 1.5 mm thickness. Conclusions: The results imply that changes of plasma composition, due to use of artificial infusion media, influence peripheral resistance and tissue perfusion. They are consistent with the hypothesis that interactions between endothelial glycocalyx structures and plasma components lead to formation of a thick layer at the endothelial surface which increases flow resistance. q 1998 Elsevier Science B.V.
Ž
. design characteristics presence of vasodilatory reserve or leukocytes, species, tissue, hemodiluent were tested by ANOVA for their Ž . relation to the ratio R rR . b Experiments were performed to determine flow resistance during hemodilution in the rat mesentery 0 0 . 4 5 Ž . Ž . Ž . with n s 8 and without n s 11 pretreatment with heparinase, which modifies the endothelial glycocalyx. c A mathematical flow simulation for mesenteric microvascular networks was used to predict resistance effects of hemodilution and of a hypothetical layer on the Ž . endothelial surface. Results: a In prior studies using native plasma for hemodilution R averaged 59 " 8% of R , while in studies 0 0 . 4 5 using artificial solutions R averaged 32 " 12% of R . The larger reduction of flow resistance upon dilution with artificial media is 0 0 . 4 5 Ž . independent of viscosity and oncotic pressure. Other design characteristics did not show strong significant effects. b Present experiments Ž . showed large reductions of flow resistance with saline hemodilution which were nearly halved after heparinase pretreatment. c Resistance effects of hemodilution with plasma or after heparinase treatment agree with model predictions based on tube flow rheology of blood. The larger resistance effects of dilution with artificial media can be explained by the removal of an endothelial surface layer of ; 1.5 mm thickness. Conclusions: The results imply that changes of plasma composition, due to use of artificial infusion media, influence peripheral resistance and tissue perfusion. They are consistent with the hypothesis that interactions between endothelial glycocalyx structures and plasma components lead to formation of a thick layer at the endothelial surface which increases flow resistance. q 1998 Elsevier Science B.V.
Introduction w x
Since the classical study of Whittaker and Winton 1 , the reduction of resistance to blood flow in vascular beds during progressive hemodilution has been the subject of w x many experimental investigations 2-28 . The relationship between flow resistance and hematocrit has important implications for physiological phenomena related to blood rheology and for the pathophysiological or therapeutic effects of hematocrit changes in patients. It also determines Ž . the so-called ''optimal hematocrit'' H at which overall opt oxygen delivery to the tissue via hemoglobin transport is maximized. However, experimental attempts to quantify ) Ž . Ž . Corresponding author. Tel. q49-30 838 2087; Fax q49-30 838 4916; E-mail: pries@zedat.fu-berlin.de the reduction in flow resistance resulting from hemodilution have led to highly variable results and the existence of a single value of the ''optimal hematocrit'' has been the subject of controversy. It is therefore not even possible to predict unequivocally from experimental studies whether oxygen supply to a tissue will increase or decrease for a given hemodilution procedure.
Several attempts have been made to explain this variw x ability. Benis et al. 5, 9 suggested that inertial effects at high blood flow seen at low hematocrit add to the flow Ž resistance measured if constant pressure perfusion rather . than constant volume flow is imposed. This would tend to exaggerate the dependence of flow resistance on hematw x ocrit. Gaehtgens et al. 16 reported stronger flow depenTime for primary review 27 days.
0008-6363r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
( )dence on hematocrit if the vascular system was not intentionally dilated, suggesting that hematocrit reduction was accompanied by vasodilation due to metabolic or shear stress dependent mechanisms. Recruitment of a ' vasodilatory reserve' would then lead to overestimation of the purely rheological effects of hemodilution.
Despite these explanations, published information on the relationship between flow resistance and hematocrit gathered over the last 65 years has remained controversial and difficult to interpret. The present study uses a metaanalysis of available hemodilution studies to examine possible causes and mechanisms of the observed differences. To this end, the quantitative effects of hemodilution on blood flow resistance were determined for all studies and related to the characteristics of experimental design including the animal species and tissue studied, the suppression of vascular tone, the presence or absence of white blood cells in the perfusate, and the use of plasma or artificial media for hemodilution. This analysis shows that the hematocritrresistance relationship critically depends on the use of plasma or saline as dilution medium, suggesting the existence of a layer of plasma components adsorbed on the luminal vessel surface which can be washed out by artificial infusion media. This hypothesis was tested in additional experiments involving direct estimation of blood flow resistance in rat mesenteric microcirculatory beds during intentional hemodilution with and without enzymatic modification of the endothelial glycocalyx.
Materials and methods

Meta-analysis of prior studies
Ž
. By computer search Medline and by analysis of related published literature, 28 reports were identified de-Ž . scribing experimental studies in which the hematocrit H of blood flowing through vascular beds was acutely manip-Ž . ulated over a substantial range and the flow resistance R was measured. The studies were published between 1933 and 1995. The experimental procedures employed in these studies were classified according to the following characteristics: species; tissue; perfusate at reference hematocrit; composition of dilution medium; hematocrit range tested; Ž . presence or absence of white blood cells WBC in the Ž perfusate; mode of perfusion constant flow or constant . pressure ; level of perfusion pressure; suppression of vascular tone.
The experimental designs of the studies show considerable variations. For example, approaches used to suppress changes of vascular tone by inducing vasodilation may Ž differ in effectiveness and thus remaining vasodilatory . reserve and possible side effects. However, the present analysis was aimed at investigating the impact of major systematic differences in the experimental procedures on flow resistance changes during hemodilution. Possible effects of the numerous secondary differences between studies were neglected as their analysis would require much larger numbers of studies than are actually available. Therefore, the number of classes or categories used to describe each of the characteristics listed above was restricted to the primary factors so as to ensure a statistically useful number of studies in each class. With respect to Ž . vasodilation, two classes yesrno were used. A similar strategy was applied in defining the classes for presence of Ž . white cells yesrno and for the medium used for hemodilution. For the latter characteristic, three classes were defined: 'plasma' when only plasma or serum was used throughout the experiment; 'plasmarartificial' when plasma was present at the reference hematocrit, but artificial saline-based media with or without added colloids were used for dilution; and 'artificial' when artificial media were used both at reference hematocrit and for dilution. For the characteristics 'species' and 'tissue' the numbers of classes were unavoidably larger, and the small number of studies in some classes limits the expected discrimination of the results with respect to these characteristics.
Data on flow resistance and hematocrit were derived Ž from tables or figures in each publication. If possible e.g. if pressure-flow curves for different hematocrit levels are . given , values were determined for conditions of fixed flow rate and fixed pressure, and from the slope of the Ž . pressure-flow curve I r P curve . The data for fixed pressure conditions were extracted from the given pressure-flow curves by selecting a level of driving pressure close to the Ž . physiological range 80 mmHg for most tissues and reading the corresponding values of volume flow from the graph. A similar procedure was used to obtain data for fixed flow. For each data set the flow rate reported at hematocrit 0.45 and at the driving pressure used to obtain the fixed pressure data was selected as the fixed flow level.
Ž . For most individual data sets conductance C s 1rR increased in an approximately linear fashion with decreasing hematocrit. Therefore, a linear regression of C on H Ž was used to derive values of R which is equal to which the product of hematocrit and conductance and thus calculated oxygen delivery at a given driving pressure across the vascular bed is maximal. Fig. 1 only for a standard or control hematocrit and for red Ž . cell-free perfusion hematocrits 0 , the shape of the relation between resistance and hematocrit could not be analyzed. Therefore a regression was not calculated and values for H are not given.
opt
In some studies the suspending medium at the control Ž . hematocrit i.e. plasma and the medium used for hemodilution had different viscosities. In order to correct the obtained R values for changes in medium viscosity 0r0. 45 during hemodilution, the uncorrected value was multiplied by the average ratio of suspending medium viscosity to plasma viscosity. This ratio was determined from viscosities given in the respective study or from appropriate data in the literature. The ratio values used were 1.4 for dilution w x with 6% dextran 7,8 , 0.58 for saline, and 0.89 for serum.
Experimental data
Experiments were conducted in the microvasculature of the rat mesentery using intravital microscopy following approval of the procedures used by university and governmental committees on animal care. The flow resistance of microvascular networks in the rat mesentery was determined at various levels of systemic hematocrit during intravital microscopy by measuring the pressure drop between feeding arterioles and draining venules as well as volume flow rate. The animal preparation and the setup used for intravital microscopy have been described in w x Ž detail elsewhere 29 . Male Wistar rats body weight 300-. 450 g were prepared for intravital microscopy of the Ž mesenteric microcirculation following premedication atropine 0.1 mgrkg i.m. and pentobarbital sodium 20 mgrkg . Ž . i.m. , anaesthesia ketamine 100 mgrkg i.m. , cannulation of trachea, jugular vein, and carotid artery, and abdominal midline incision. The animals were then transferred to a special stage mounted on an intravital microscope. The small bowel was exteriorized and fat-free portions of the mesentery selected for investigation with a 25 = rN.A.0.6 Ž . salt-water immersion objective Leitz . During the experiments the level of anaesthesia and fluid balance were Ž maintained by i.v. infusion of physiological saline 24 . mlrkg per h containing 0.3 mgrml pentobarbital sodium. In this preparation of the exposed mesentery, vessels generally exhibit no spontaneous smooth muscle tone. However, as a precaution to prevent the development of tone and thus variation of flow resistance during the measure-Ž y4 . ment period papaverine 10 M was continuously super-Ž fused. Heart rate and arterial blood pressure range 105 to . 140 mmHg were continuously monitored via the catheter in the carotid artery. The networks selected for this study were supplied by feeding arterioles with inner diameters of about 30 mm and drained by venules of about 45 mm. As in previous studies in the same preparation the networks consist of about 450 w x individual vessel segments 27 . Intravascular pressures were measured by the servo-nulling technique using a micropipette with a tip diameter of about 1 mm connected Ž . to a micropressure measuring system Model 5, IPM . Venular pressures were found to change less than 2 mmHg during the experimental procedures, and were therefore typically measured only at the beginning and the end of an experiment. After the initial measurement of venular pressure the micropipette was introduced into the main feeding arteriole where it remained during the course of the experi-Ž . ment. Systemic hematocrit H was varied systematically by infusion of homologous red cells and hydroxyethyl Ž starch solution 100 grl, MW 200 000r0.5 in physio-. logical saline; Fresenius . After elevation of H up to 0.65 Ž . by slow infusion of red cells in 3 control experiments , H was successively lowered by hemodilution. In each hemodilution step between 1 and 2 ml blood was withdrawn from the carotid catheter and replaced by an equal amount of the dilution fluid via the venous catheter. At levels of H below about 0.2, up to 2 ml of dilution fluid were given in excess to the amount of blood withdrawn in order to increase the dilution effect and to reduce the fall in systemic blood pressure. At the lowest hematocrit level Ž . reached 0.15 " 0.06 , the measurement of venular pressure was repeated. Venular pressure levels for the intermediate hematocrit steps were interpolated from the values taken at the beginning and the end of the experimental procedure.
At each hemodilution step the microscopic image of the Ž feeding arteriole was recorded via a CCD camera MX, . AIS on videotape for about 30 s using asynchronous flash Ž . illumination 11360-1, Chadwick-Helmuth . These recordings were analyzed off-line to determine arteriolar centerline flow velocity and vessel diameter using a digital w x image analysis system 30 . The spatial correlation analysis of recordings obtained with asynchronous illumination allowed measurements of blood flow velocities up to about w x 40 mmrs 31 . Since vessel diameters remained constant during the experiments, changes in network flow resistance were calculated from changes in arterio-venous pressure drop and centerline flow velocity in the feeding arteriole. In 8 out of 19 experiments, hemodilution was preceded by Ž perfusion of the network with heparinase 100 Urml, 10 . min, Sigma via a micropipette introduced into the feeding arteriole. The pipette was pressurized and the pressure adjusted so that during microperfusion with the enzyme Ž . solution a small amount of blood about 10% was still flowing in the arteriole in order to limit possible effects of high transmural pressure. The flow resistances of networks of different sizes and geometrical hindrances varied considerably. Therefore, resistance values for each hematocrit level were normalized with respect to the resistance of the same network at hematocrit 0.45. This allowed comparison of data from different experiments. From the normalized values, R was calculated for each experiment accord0r0. 45 ing to the procedures used for the data sets from literature studies.
Flow simulation
To allow comparison of the experimental data with predictions on the basis of blood viscosity measurements in blood-perfused glass tubes, flow simulations were performed using a previously described mathematical model w x 29 . Using an iterative algorithm, this model calculates the distribution of flow and pressure in a microvascular network with experimentally determined vessel diameters, lengths, and interconnections between the vessel segments. 6 Microvascular network structures were used to obtain the simulation results reported here. These networks have been recorded by intravital microscopy in the rat mesentery in a w x previous study 31 , and were similar in size and structure to those networks used for the present experimental measurements described above.
In calculating flow and pressure distributions in the microvascular networks, the model takes into account the partition of red cells and plasma at diverging bifurcations Ž . phase separation effect , and the dependence of effective blood viscosity on hematocrit and vessel diameter Ž . Fahraeus-Lindqvist effect . For these phenomena, parametric descriptions of previously published experimental w x results were used 29,32 . While the description of the phase separation effect is based on an in vivo investigation in the same tissue used also in the present study, the description of the Fahraeus-Lindqvist effect is based on measurements of the rheological properties of blood in Ž w x. small-diameter glass tubes in vitro viscosity law 33 . Simulations were performed for each network increasing the hematocrit in the feeding arterioles from values of 0 to 0.86 in steps of 0.01. For each hematocrit step flow resistance was calculated. To estimate the effect on flow resistance elicited by the removal of a completely immobile layer on the endothelial surface with a given thickness Ž . d , simulations were performed in which all vessel diameters were increased by 2 d above the experimentally determined values.
Results
Meta-analysis of prior studies
The results of the literature compilation are shown in The studies are listed in order of publication date. For Ž . those studies n s 12 providing data for both fixed flow and fixed pressure perfusion, R is consistently higher 0r0. 45 for fixed flow conditions than for fixed pressure conditions publications. Literature values were obtained from measurements at constant perfusion pressure and corrected for changes in the viscosity of the suspending medium during hemodilution. Ž with a difference of 0.081 " 0.052 mean "SD, p -0.005, . two tailed t-test . A similar result was obtained for H opt where values obtained under fixed flow conditions are Ž . higher by 0.076 " 0.054 n s 11; p -0.005 . These results indicate that the impact of hemodilution on flow resistance was consistently weaker under fixed-flow conditions, but the difference was small compared to the observed variability between studies.
According to Table 1 existence of two distinctive clusters with strong and weak dependence of flow resistance on hematocrit, respectively. To investigate possible mechanisms responsible for the bimodal shape of the frequency distribution, the influence of experimental study design characteristics on the values of R is shown in Fig. 3 . Differences between R 0r0.45 0r0. 45 values for the different classes of the experimental parameters 'white cells', 'dilation', and 'medium' were tested using simple factorial ANOVA. A significant effect is seen Ž . for the parameter 'medium' p -0.001 , while the influ- Ž . ence of 'dilation' was small p s 0.067 and that of 'white Ž . cells' negligible p s 0.772 . An analysis including the parameters 'species' and 'tissue' yielded similar results and also showed significance for the difference between Ž studies in the rat and in other species p -0.05, one-way ANOVA, Bonferroni correction for post hoc multiple com-. parisons . However, the latter result must be interpreted with caution due to the low number of available studies compared to the number of classes for the parameter 'species'. Furthermore, all published experiments on rats used artificial saline-based solutions as dilution medium, and it is therefore not possible to test whether the difference in R between rats and other species is in fact 0r0. 45 due to the choice of dilution medium. Fig. 4 shows frequency distributions for R in the 0r0. 45 three classes of the parameter 'medium'. Studies in which plasma was the suspending medium at reference hemat-Ž . ocrit, and was also used for dilution 'plasma' , showed Ž significantly higher values p -0.05, one-way ANOVA, . Bonferroni correction for R than those in which 0r0. 45 artificial m edia were used for dilution only Ž . 'plasmarartificial' or for both control conditions and Ž . dilution 'artificial' . No significant difference was found between R values for the 'plasmarartificial' and the 0r0. 45 'artificial' group.
Experimental data and flow simulation
For the experimental data obtained in the present study, Fig. 5 gives the flow resistance of mesenteric microvessel networks at different systemic hematocrits. Flow resistance is expressed relative to that obtained at a hematocrit of 0.45. Combined results are presented both for control Ž . experiments n s 11 and for measurements following heparinase microinfusion into the arteriole feeding the Ž . network n s 8 . The value of R determined for the 0r0.45 Ž . control experiments is 0.34 " 0.11 mean " SD . Heparinase microinfusion leads to a substantially flatter relation between hematocrit and network flow resistance as quanti-Ž . fied by the higher value of R 0.65 " 0.14 . For 0r0. 45 comparison, a prediction is shown which is obtained by the mathematical simulation of flow through mesenteric miw x crovascular networks using the in vitro viscosity law 32 . Results after heparinase treatment are very similar to those of the model simulations which yield a R value of 0r0.45 w x 0.62 " 0.015. As reported earlier 34 , heparinase microinfusion leads to an average reduction in absolute flow resistance of about 21% in addition to its effects on the relation between hematocrit and flow resistance. This effect is not shown in Fig. 5 which gives normalized resistance values.
Discussion
The results of studies performed over the last 65 years exhibit a remarkable variability in the quantitative effect of hemodilution on blood flow resistance of vascular beds, and consequently also in the estimated value for the optimal hematocrit. Because of the limited number and the ( )heterogeneity of the available studies, a meta-analysis can only address the effects of major differences in experimental design. Nonetheless, such an analysis can reveal information about factors influencing flow resistance, even when investigating these factors was not among the aims of the original studies.
As blood viscosity decreases during hemodilution, blood flow increases in experimental protocols in which the driving pressure is held constant. This leads to an increase in the inertial effect on energy dissipation with decreasing hematocrit and might therefore reduce the effect of hemodw x ilution on flow resistance 5,9 . Alteration of inertial effects during hemodilution is prevented in experiments in which the volume flow rate is held constant at all hematocrit levels. The dependence of flow resistance on hematocrit is consistently weaker in this type of experiments compared to experiments in which perfusion pressure is held constant and flow can vary with hematocrit. However, these differences can mostly be explained by the fact that Ž . the pressure-flow curves I r P curves exhibit a positive Ž . intercept with the pressure axis 'flow cessation pressure' . This effect has been tentatively attributed to blood rheolog-Ž . ical properties 'yield shear stress' or the passive com-Ž . pression of vessels 'critical closing pressure' . In contrast, a nonlinear shape of I r P curves which could reflect inertial effects is only seen in about half of the studies analyzed and is of minor importance for the observed differences between the fixed-flow and the fixed-pressure data. In addition, the variability of R within both the 0r0. 45 fixed-flow and the fixed-pressure group is much larger than the average difference between these groups, precluding the use of this mechanism to explain a significant part of the observed variability of the relation between hematocrit and flow resistance. On the basis of the hypothesis that reduction of O -car-2 rying capacity of the blood might cause metabolically mediated vasodilation, the effect of hemodilution on flow resistance might be increased, if a dilatory reserve was w x present in the perfused tissue 16 . The elevation of flow rate associated with hematocrit reduction might also cause vasodilation due to a flow-dependent release of vasoactive autacoids, e.g. EDRF or prostacyclin. The data in Fig. 3 show that vasodilatory responses may indeed have some effect on R . However, in the set of studies analyzed, 0r0.45 this effect is quantitatively small and not significant at the p -0.05 level in the ANOVA. Therefore, the presence of a vasodilatory reserve present in many studies analyzed does not appear to be the main cause for the variable dependence of flow resistance on hematocrit reported. White cells have been shown to potentially occlude capillary vessels especially under conditions of low perfuw x sion pressure 35 . If activated, these cells exhibit even lower deformability and thus might act as microemboli in cell suspensions that have been manipulated during preparation of different hematocrits in the perfused blood. Also, variation of hematocrit is achieved in many studies by dilution of whole blood, and white cell concentration might therefore vary in parallel to hematocrit in the perfusates used thus causing reduced plugging at low compared to high hematocrit. However, the difference in R between studies with and without white blood cells 0r0.45 in the perfusate was very small and not significant in the present database, suggesting the presence of white cells has little effect on the hematocrit dependence of flow resistance.
Composition of dilution medium
Unexpectedly, the experimental parameter most strongly correlated with the resistance effect of hemodilution was Ž . the choice of the dilution medium Figs. 3 and 4 . R 0r0. 45 for the 'plasma' group equals 0.59, indicating that dilution of the blood with plasma to zero hematocrit led to an Ž . extrapolated average reduction of flow resistance to about 59% of the value seen at a hematocrit of 0.45. Since the suspending medium was not altered during hemodilution in these experiments, this value reflects the resistance effect of an isolated reduction in red cell concentration Ž . Fig. 6 . The magnitude of this resistance reduction is in agreement with extrapolations of blood rheological behavior in glass tubes to the perfusion of microvascular netw x works 31,32 . In contrast, the use of artificial saline-based media for hemodilution resulted in a stronger reduction of flow resistance and a R value of 0.32. This indicates 0r0. 45 an additional effect of artificial media on flow resistance, which does not result from differences in suspending medium viscosity since the data were corrected for such differences. This additional effect is quantitatively comparable to the effect of hematocrit reduction alone. The additional effect of artificial media on resistance is independent of the presence and nature of the colloids added to the saline and is therefore not related to differences in colloid osmotic pressures. Evidently, some property specific to plasma, which is not present in the artificial media used in the dilution studies analyzed here, is responsible for maintaining high flow resistance during hemodilution. This observation can be accounted for by the following hypothesis: The reversible adsorption of plasma components, most likely proteins, to the endothelial glycow x calyx 36,37 leads to the formation of a zone of impeded flow immediately adjacent to the luminal vessel surface w x 38,39 . Accordingly, the resistance changes seen in studies in which artificial solutions are used for hemodilution reflect not only the effect of lowered hematocrit, but also the effect of removal of adsorbed proteins. This removal increases the effective cross-section of vessels available for free blood flow. In contrast, experiments in which dilution was performed with plasma alone represent only the effects of hematocrit reduction. These effects are shown schematically in Fig. 6 .
To exert a significant hemodynamic effect, the adsorbed layer creating a zone of impeded flow must be of consider- 'plasma' and the 'plasmarartificial' group in the present Ž . analysis 0.59 and 0.32, resp. suggest that washout of plasma proteins leads to a reduction of flow resistance which is similar to that elicited by the removal of red blood cells. Theoretical simulations show that the removal of a completely immobile layer of about 1.5 mm in all microvessels is necessary to reduce flow resistance by the Ž required amount in the networks studied. Due to the fourth-power relationship between vessel radius and flow resistance, such a layer would affect flow resistance predominantly in microvessels and its presence in larger . vessels cannot be determined from the present analysis. Direct intravital microscopic observations have demonstrated an exclusion zone for macromolecules and red cells with a thickness of about 0.6 mm on the endothelial w x surface 40 . Indirect estimations using different techniques w x 31,38,39,41-43 indicated a layer thickness of about 0.5 to 1 mm. These estimates are much higher than values between 0.05 and 0.1 mm reported for the thickness of glycocalyx components bound directly to the endothelial w x cell membrane 44,45 . It is therefore conceivable that the major portion of the flow-retarding layer consists of adsorbed plasma components which are washed out during hemodilution with protein-free solutions.
This concept is supported by the results of the present experiments performed to test the effect of enzymatic treatment on the hematocritrresistance relationship. Heparinase treatment modifies the endothelial glycocalyx by cleaving oligosaccharide side chains of glycoproteins residing on the endothelial surface. This has been shown to w x increase capillary hematocrit 46 and to decrease flow w x resistance of microvascular networks 34 . Both phenomena have been attributed to reductions by about 0.5 to 1 mm of the thickness of a macromolecular layer on the endothelial surface which lead to increases of the vascular cross-section available for free flow of red cells and plasma. As pointed out above, this effect cannot primarily result from changes in the thickness of membrane-bound glycoproteins due to the enzymatic treatment. However, it could represent a reduction in effective layer thickness due to enzymatic cleavage of anchoring points required for the adsorption of plasma proteins.
For untreated microvascular beds, the R value 0r0.45 Ž . Ž obtained 0.34 " 0.11 is similar to the mean value 0.32 . " 0.12 of the 'plasmarsaline' class in the literature compilation. However, if the hemodilution is preceded by Ž . heparinase treatment of the microvessels Fig. 5 , the value Ž . Ž of R 0.65 " 0.14 is close to the mean value 0.59 " 0r0. 45 . 0.08 for the 'plasma' class and to predictions based on Ž . glass tube rheology 0.62 " 0.015 , suggesting that only the red cell dependent effect of hemodilution is present. Therefore, the present results are consistent with the concept that adsorption of plasma proteins to the glycocalyx increases flow resistance and that this effect is inhibited by heparinase treatment. According to this concept, the results of studies in which saline solutions are used for hemodilution reflect not only the effect of lowered hematocrit, but ( )also the effect of increased effective vessel cross-section due to removal of adsorbed proteins. In contrast, experiments with plasma dilution only represent the effects of Ž . hematocrit reduction as such Fig. 6 . In such experiments the dependence of flow resistance on hematocrit is remarkw x ably close to predictions based on glass tube rheology 32 .
It is currently not known which plasma proteins may constitute the adsorbed layer. Albumin and fibrinogen are obvious candidates since they are known to bind to the w x endothelial surface 47-50 . However, the available results suggest that neither of these proteins alone is sufficient to generate or maintain the layer. Some studies in the 'artificial' and 'plasmarartificial' groups used saline with added albumin as dilution medium and yielded values for R 0r0. 45 which are in the same low range as those obtained for studies using other colloidal substances or saline alone. In w x an in vitro study Reinhart et al. 49 found that endothelium-coated beads exhibit reduced sedimentation velocity if suspended in plasma rather than in saline. Reduced sedimentation velocity was not found in saline with added albumin or fibrinogen alone. Interaction of two or more plasma proteins may thus be required for the creation of an adsorbed protein layer, and other plasma components could interfere with layer formation as in the competitive inhibition of fibrinogen binding to endothelial surfaces by albuw x min 48,49 .
The adsorbed layer may also be affected by changes in concentration or composition of the plasma proteins in the absence of hematocrit changes. Such changes could subw x stantially influence vascular permeability 51,52 in addition to peripheral resistance and perfusion. This may explain the observation of the strong predictive value of Ž . rather small increases in plasma viscosity and fibrinogen content for circulatory diseases including stroke, hypertension, peripheral arterial occlusive disease and myocarw x dial infarction 53-56 . 
